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The temporal evolution of electromagnetically induced 
transparency (EIT) and absorption (EIA) coherence reso- 
nances in pump-probe spectroscopy of degenerate two-level 
atomic transition is studied for light intensities below satura- 
tion. Analytical expression for the transient absorption spec- 
tra are given for simple model systems and a model for the 
calculation of the time dependent response of realistic atomic 
transitions, where the Zeeman degeneracy is fully accounted 
for, is presented. EIT and EIA resonances have a similar (op- 
posite sign) time dependent lineshape, however, the EIA evo- 
lution is slower and thus narrower lines are observed for long 
interaction time. Qualitative agreement with the theoretical 
predictions is obtained for the transient probe absorption on 
the Rh Z?2 line in an atomic beam experiment. 
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I. INTRODUCTION. 

It is well known that the interaction of an atomic sys- 
tem with correlated optical waves can lead to quantum 
coherence in the atomic state. In turn, the atomic coher- 
ence dramatically modifies the interaction with the light 
[1]. A good example is provided by the effect of elec- 
tromagnetically induced transparency (EIT) [2] where 
an absorbing medium can be rendered transparent to a 
probe field if it is simultaneously submitted to the action 
of a coupling field. EIT takes place when the two fields 
satisfy a two photon resonance condition between atomic 
levels. The corresponding (coherence) resonance for the 
probe absorption is called a "dark resonance" and is as- 
sociated to the system being driven into a "dark state" 
i.e. a coherent superposition of atomic states uncoupled 
to the light field [3,4]. 

In recent years, a new kind of coherence resonance 
was observed in which the atomic coherence results in 
an increase in the absorption of a probe field [5]. This 
phenomenon designated electromagnetically induced ab- 
sorption (EIA), bears except for the sign of the resonance, 
several common features with EIT although it cannot be 
associated to the system being driven into a particular 
superposition of atomic states. EIA was first observed 
on a transition between two atomic levels with angular 
momentum degeneracy [5] . The degenerate two- level sys- 
tem (DTLS) was illuminated by a resonant pump field 
and probed with a tunable probe field. It was clearly 



established that EIA is essentially a multilevel effect in 
the sense that it only takes place if both the lower and 
the upper atomic levels posses degeneracy. The condi- 
tion for the occurrence of EIA in atomic transitions is 
Fe > > where and Fg are the total angular 
momenta of the excited and ground state respectively 
[5-8]. The simplest model system for which EIA oc- 
curs is a four-level N system theoretically investigated 
by Taichenachev et al [9]. The analysis of this system 
reveals that EIA is the consequence of the transfer of 
coherence from the upper to the lower atomic levels via 
spontaneous emission. 

The transient properties of EIT has been explored by 
several authors in simple model systems [3]. In [10] the 
transient behavior of EIT in three level system when the 
pump field is suddenly switched on is considered and the 
onset of Rabi oscillations for saturating pump field in- 
tensities discussed. The occurrence of EIT for low in- 
tensities was analyzed in [11] for a closed three level A 
system. It is established that EIT can take place even for 
very low intensities and that the characteristic time for 
the onset of the resonance is proportional to the square 
of the pumping field Rabi frequency divided by the ex- 
cited state relaxation rate. Further investigation of EIT 
in A systems involving the two hyperfine levels of alkaline 
atoms, can be found in [12] for different pump intensity 
regimes. In this work EIT in open A systems is also 
considered and experimental data presented for Na. Co- 
herence resonances in open three level systems were also 
theoretically and experimentally investigated using the 
Hanle/EIT scheme [13-15]. In this scheme, the frequen- 
cies of the optical fields are kept fixed and the atomic 
energy levels are scanned by a magnetic field. Analyzing 
in detail the case of the Fg = \ ^ F^ = Q transition, 
the authors conclude that the resonance width (in terms 
of the tunable magnetic field) decreases without limit as 
t~^/^ [15], t being the interaction time. It is argued that 
this behavior is characteristic of open systems. Recently, 
the transient behavior of EIT resonances for sudden turn 
on and off of an intense pump field was experimentally in- 
vestigated on a sample of magneto-optically cooled atoms 
[16,17]. Large attention has also been paid to the tempo- 
ral evolution of dark resonances when the light fields are 
switched on and off adiabatically [18-20]. In this case, 
reversible transfer of information from the light field to 
the atomic system can take place in connection with such 
effects as slow light propagation [21,22] and light storage 
[23]. 
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In this paper, we explore the evolution of the probe 
absorption spectrum in DTLS for atoms having spent a 
variable amount of time in presence of the pump and 
probe fields. Only field intensities below saturation are 
considered. Specifically, we focus on the analysis and 
comparison of the coherence resonances occurring on the 
cycling transitions of the D2 ^''^Bb lines when the atoms 
are illuminated by a pump and a probe field with tun- 
able frequency difference and orthogonal linear polariza- 
tions. For the first transition studied, 551/2 (-f = 2) — > 
5^3/2 {F' = 1) of ^^Rb, EIT takes place while the second 
5S'i/2 (F = 3) 5P3/2 (F' = 4) transition gives rise to 
EIA. The transient spectroscopy of the EIT resonances 
presented here is complementary of the observations in 
[13] for the Di line of Na atoms under similar excita- 
tion conditions. The differences between the results in 
[13,15] obtained with a Hanle setup and those presented 
here for pump-probe spectroscopy are stressed. To the 
best of our knowledge, the transient properties of EIA 
resonances are addressed in this work for the first time. 

The paper is organized as follows. In order to intrc 
duce the main features of the dynamics of coherence res 
onanccs, the next section is devoted to the study of thes 
resonances in simple model systems where EIT and EL 
occur. In section III the coherence spectroscopy in realis 
tic atomic systems (with angular momentiim degeneracj 
is considered and the transient evolution of EIT/EIA ref 
onances obtained from numerical calculation. In sectio 
IV the experiments carried on a ^^Rb atomic beam ai 
presented and discussed. Section V contains the conch 
sions. 



where the rotating wave approximation was used and the 
slow variables an = pu {i = a, 6, c), aba = e'^'^^^Pba, crtc = 
e^^^Pbc, aac = e'('^^-'^i)Vac were introduced. TbaiTbc) is 
the radiative decay rate from b to a(c) (Tba + Tfec = T), 
2^1 = and 2SI2 = ^^^f^ are the Rabi frequen- 

cies for fields £1 and £2 respectively (pab and Pcb are 
the electric dipole matrix elements of the corresponding 
transitions). 

For a weak probe we can seek a solution of Eq. 1 in 
the form: 

a{t)^a\t) + a\t) (2) 

where a'^{t) is of order nmQ2- For further simplification 
let us assume that the pump field is turned on at f = —00 
while the probe field is switched on at t = 0. With such 

assumptions, the zero order term of Eq. 2 is given, after 
substitution in Eqs. 1, by a°a = c^bb = ^ba = <^bc = ^ac = 
0, = 1. 
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II. MODEL SYSTEMS. 



A. EIT. 



FIG. 1. Model systems for EIT (i) and EIA (ii) coherence 
resonances. Dashed arrows indicate spontaneous emission de- 
cay channels. 



EIT can be conveniently analyzed in the A systen 
Consider the level scheme presented in Fig. l(i) wher 
the two degenerate ground levels a and c (same er 
ergy) are coupled to the excited level b (energy 
spontaneous emission decay rate F) by the pump fiel 
£i{t) ~ 2Ei cos (ujit) (with Ei real) and the probe fiel 
£2(0 = E2 exp{—iu)2t) + cc respectively. The temporj 
evolution of the density matrix of the system is given b 
[11]: 

(Tec = —i^2(^bc + i^2'^cb + ^bcO'bb 

O'bb = —i^2'^cb + i^2<7bc H i^l (c^ab — CTba) — Tcrbfo 

CToa = — (Cbo — CTab) + FboCbb (1) 



CTbc 



aab = 



-+i{u)o- U)2) 
- - I (wo - Wi) 



Cbc — i^2 Wcc — CTbb) — i^l(^a 



aab + i^l {o'aa — ffcb) + i^2C^a 



aac = i{uJ2- Wi) aac - i^lCTbc + i^2<^ab 



The first order term in Eq. 2 obeys: 



O'bc = 

'1 



] (^bc 



iiliat 



iftial. 



<^ac = -i^K^bc + i^^L 



(3) 
(4) 



where 5 = u}2—i^i and we assumed for simplicity coi = ivq 
(exact resonance of the pumping field) . The initial con- 
dition for the solution of Eqs. 3 is a^{0) = 0. Introducing 

the optical pumping rate /? = 2^, additional simplifica- 
tion of Eqs. 3 is possible when 5, /? <C F. In this case, 
the optical coherence al^ adiabatically follows the Raman 
coherence a^^. Taking al^ = in Eq. 3 we get: 



<^lc it) 



2nin^a^^ 



<^L it) ^ -i 



T{(3-iS) 

[n*^ + n^al it)] 



{l-exp[- i0-iS)t]} 



i5) 



(5) 
(6) 



2 



Consistently with the adiabatic following approxima- 
tion, the temporal evolution of optical coherence is de- 
pendent on the transient behavior of the Raman coher- 
ence, cr^g (<) presents a damped oscillation at frequency 
5 with damping coefficient given by the optical pumping 
rate /?. 

At a given time, the power absorbed from the probe 
field is: 



and its stationary value: 



(7) 



af^ oc lOsl^Re' 



presents the characteristic EIT dip around S = with a 
linewidth (FWHM) of [3]: 



A, 



(9) 



It is interesting in view of the comparison with the 
experiments described below to specify the non-linear 
absorption defined as the probe absorbed power in the 
presence of the pump field minus to the linear absorp- 
tion (with no pump field): 



AaA {t) oc Re 



(10) 



= -KF{(3/T,S/T,Tt) 



where coefficient K is proportional to the product of the 
intensities of the two fields and 



F{x, y, r) = Re • 



1 — exp [— {x — iy) t] 
(i - iy) {x - iy) 



(11) 



The main features of the temporal and spectral behav- 
ior of the EIT resonance in the A system result from the 
properties of the function F{x, y, t) which is represented 
in Fig. 2. F(x,y,0) = as required by the initial con- 
dition. For T » x~^, F{x,y, 00) represent a Lorentzian 
function of y with FWHM given by 2x. For r -C x~^, 
F{x, y, t) is an even function of y with a central peak of 
width ~ Att/t and oscillating wings with period ~ 2-^ /t. 
For fixed x and y, F{x, y, r) represent a damped oscilla- 
tion with frequency y/2n and damping rate x [12]. 
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FIG. 2. Plot of the function F{x,y,T) evaluated for 
X = 0.02. a) T dependence for fixed y. b) y dependence 
for fixed r. 



B. EIA. 

The simplest system presenting EIA is a four-level sys- 
tem in an N configuration [Fig. !(««)]. EIA appears as 
the consequence of coherence transfer from the excited to 
the lower levels via spontaneous emission. This system 
was studied by Taichcnachcv et al [9] who calculate the 
analytical expression for the steady state probe absorp- 
tion on the c — 6 transition. 

We explore the temporal evolution of the EIA reso- 
nance following the same procedure used for the A sys- 
tem. The Bloch equations for the system are initially 
solved in the presence of the pump field alone and then a 
correction of the temporal evolution to first order in the 
probe field is determined. Again, for simplicity we as- 
sume that the system has reached its steady state under 
the presence of the pump field, when the probe field is 
turned on at f = 0. Let the relative electric dipole matrix 
elements for the pairs of states a — h, c — b and c — dhe A, 
B and 1 respectively with \Af + \Bf = 1. Introducing 



3 



the slowly varying coefficients: an = pu{i = a,b,c,d), 



_ ^^LJl t ^ „ 



6 ^ Prfc; <^ca — 



we have in the rotating wave approximation: 



Hd = i^i<^L - 



al + in^aU-i^lal, (12) 



2 - Hd - i^iAal^ 

&la = iQial - i^iAala - {T - iS) al^ - ^0^(7°^ 

The Rabi frequency 2Qi {2il,2) of the pump(probe) field 
refers to the c — d (c — fe) transition and and are 
the stationary non-zero matrix elements resulting from 
the interaction with the pump field alone. 

As for the A system, Eqs. 12 can be solved assuming 
that al^, al^ and al^ adiabatically follow the Raman 
coherence crl^^. Thus, neglecting cr^^ and (t^^ in Eqs. 
12, after some calculation we get to the lowest order in 6 
and Of/T: 



r (/?' - id) 

2_n2 

T 



{l-exp[- {(3'-id)t]} 



= ^ (l - 1^1^) =p{l- \Af) 



(13) 
(14) 



is expected to be considerably slower in its evolution than 
KIT for optical transition with comparable electric dipole 
matrix elements (comparable Clebsh-Gordan coefficients 
for DTLS). 



III. REALISTIC ATOMIC SYSTEMS. 

The previous analysis apply to ideal A and N level 
configurations. Actual experiments are frequently car- 
ried on DTLS where, depending on their polarization, 
the pump and probe fields couple different pairs of Zee- 
man sublevels resulting in a large variety of (generally 
more complex) level schemes. 

Before considering in more detail DTLS, let us briefly 
mention the case of a pure two level transition driven 
by a pump and a probe fields of frequencies Wi and u)2 
respectively. Unlike the A and N systems where each 
field drives different transitions, here the same transition 
is driven by both fields. This results in a pulsation of 
the populations of the lower and upper levels at the beat 
frequency (5 = 0^2 — Wi- As a consequence, the atomic 
coherence between the ground and excited state posses 
several frequency components {u)i,uj2,2(jji — 0J2) giving 
rise to a modulation of the probe absorption at the har- 
monics of the beat frequency [24] . 



and 



+2A^ 



l»l|' 

r (/?' - iS) 



-?o* 

- i5 



{1 - exp [- 



Y2 

{P'-iS)t]}) 



(15) 



Using Eq. 7, the steady state probe absorbed power is 



[9]: 



ST 



oc 11^2 r Re' 



-i6 



1 



r2 



2A' 



o, 



and the time dependent non-linear absorption: 
K' 



Aajv {t) = - 



(52 



1 (17) 



with K' proportional to the product of the two fields 
intensities. The first term in Eq. 17 correspond to a 
broad (lincwidth ~ F) reduction in the absorption due 
to the saturation of the c — d transition by the pump 
field. The second term represents the EIA resonance. It 
has a similar spectral and temporal dependence than the 
EIT resonance (see Eq. 10) except for the sign inversion. 
Notice however the reduction by the "narrowing factor" 
1 — (see Eq. 14) of the damping rate (and stationary 
spectral width) of the EIA resonance compared to the 
EIT resonance in the A system. As a consequence, EIA 
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FIG. 3. Transient evolution of the probe absorption of a 
pure two-level system. Oi = 0.08 r, 6 = 0.1 F. S: synchronous 
contribution, FWM: four- wave mixing contribution (see text). 

A similar behavior occur for DTLS driven by two fields. 
Except for the simplest combinations of pump and probe 
polarizations (like a"*", cr~), the excitation of a DTLS 
with two optical fields result in population pulsation and 
the presence of a new frequency component (2a;i —UJ2) for 
the atomic coherence between ground and excited state 
(optical coherence). We shall call this component "FWM 
component" since it is responsible for the emission of a 
new field at frequency 20^1 — UJ2 via four- wave mixing [7] . 
The FWM component of the atomic optical coherence 
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results in a modulated contribution to the probe absorp- 
tion with frequency 25. In contrast, we shall call "syn- 
chronous" (S) the contribution to the probe absorption 
of the atomic optical coherence oscillating at frequency 
UJ2- Fig. 3 illustrate the temporal behavior of the probe 
absorption (for a pure two level system) showing the S 
and FWM contributions. 

Two features characterize the oscillation due to the 
FWM contribution: i) It is a permanent oscillation not 
to be mistaken with the damped oscillation at frequency 
5 that can be present in the S contribution (see Eqs. 10 
and 17). ii) The phase of the oscillation depend on the 
relative phase between the pump and probe fields [25]. 
Both features are of crucial importance in the experi- 
ments. In the experiment described below, only the S 
contribution to the probe absorption is observed. The 
oscillating character of FWM results in the averaging to 
zero of this contribution when 5 » [T is the tem- 
poral resolution in the experiment). Even for 5 < 
the FWM contribution is washed out due to the occur- 
rence of random (and rapid) fluctuations of the phase 
difference between the pump and probe field (due to me- 
chanical vibrations in the setup) . The observation of the 
FWM contribution should require a careful interferomet- 
ric control of the phase difference between the two fields 
and temporal resolution better than . 

We will next present a theoretical model allowing the 
calculation, to first order in the probe field, of the tran- 
sient probe absorption for DTLS with arbitrary choices 
of the ground and excited levels angular momenta and 
polarizations of the pump and probe fields. The model is 
a direct application to the time domain of the treatment 
previously used for the study of the steady state spec- 
tral characteristics of coherence resonances [7]. It allows 
the identification of the S and FWM contributions in the 
probe absorption. 

We consider two degenerate levels: a ground level g 
of total angular momentum Fg and energy tkOg and an 
excited state e of angular momentum F,. and energy Huje- 
The radiative relaxation coefficient of level e is T. We 
restrict ourselves to closed transitions. Extension of the 
model to open transitions is straightforward [7]. 

The atoms are initially in the ground state described 
by an isotropic density matrix pq. They are submitted 
to a magnetic field B along the quantization ax:is and to 
two classical optical fields: 

£j{t) = Ejije''''* + E*e*e-"^^*, {j = 1,2) 

Cj are complex polarization vectors. The 
Hamiltonian of the system is: 



H{t) = Ho + Vi (t) + V2 (t) (18) 



with: 



Ho = Ha + Hb 

HA = h (PeWe + PgUJg) 

Hb = -ij,bF, iogPg + gePe) B 
V, = Ejej ■ D 



DegC 



(19) 
(20) 
(21) 
(22) 



here Pg and Pg are the projectors on the ground and ex- 
cited manifolds respectively. Hb is the Zeeman Hamil- 
tonian, Qg and fife are the gyromagnetic factors of the 
ground and excited levels respectively, is the Bohr 
magnetron and hF^ the projection of the total angular 
momentum along the quantization axis. Dg^ = Dig = 
PgDPe is the lowering part of the atomic dipole operator 
(we assume that PgDPg = PeDP^ = 0). In Eq. 22 the 
usual rotating wave approximation is used. 

The temporal evolution of the atomic density matrix 
p is governed by the master equation: 



dp 
at 



i[H,p]-^^{P.A 



QLPQta 



(23) 



g=-l,0,l 



where = Qeg {q = —1, 0, 1) are the standard compo- 
nents of the dimensionless operator: 



Q 



V2F~+1 



Da 



9\\D\\e 



(24) 



(7||D||e^ is the reduced matrix element of the electric 

dipole operator. 

In order to find the response of the system to the two 
fields, we first consider the effect of the pump field £i 
and next we calculate the effect of the probe field £2 to 
first order. 

It is convenient to introduce the slowly varying matrix 
ao given by: 



^ ~^gg'^ ^ee + C^ge + ^eg 



PgpPg 

PepPe 



(25) 



al = PgpPeC-'-^' 
a% = PepPge'"^' 



after substitution into Eq. 23 (with V2 = 0) one has for 
(7°(f) the equation: 



^ = -i [Ho + VI - fu.^Pe,a'] - § {Pe,C7'} 

+r E Qla'^Qlg 

g=-l,0,l 



(26) 



with: 



Vi = Eiii ■ Dge + E^el ■ D, 



'eg 



(27) 
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and the initial condition cr'^(O) = po. 

To include the effect (to first order) of the probe field 
on the atom+pump system, we seek a solution of Eq. 23 
under the form: 



Pggit) = PgP (*) Pg = ^^g + ^s^''* + ^gg^ 

Peeit) ^ P,p (t) P, - al^ + at J'' + a- e- 
p,e(t) = PgP (t) Pe = 6^^* « + o^^'' + a" e"^^*) (28) 
Pe,(i) = P.P (t) Pg = e-'-^* « + a+ e'^* + a.-e"^^*) 



with 5 = UJ2 — i^i- 

Introducing the non Hermitian matrix: 



<9 <e 



(29) 
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After substitution into Eq. 23 and keeping only terms 
to first order in £'2 one has: 



^ = -T [Ho + Vi - fejiPe, o] -i6(j-^ {Pe, a} 



dt h 

+r Qle^Q' 

g=-l,0,l 



eg 



®2 



(30) 



where we have introduced ©2 = {2E2 ■ Dgg)/h. Here 
the initial condition is: C7(0) = 0. 

If the pump field is turned on long before the probe 
field, then cr''(t) is time independent and Eq. 30 cor- 
responds to a linear differential equation with constant 
coefficients. Even if a different initial condition for the 
pump field is chosen, the numerical solution of Eq. 30 
can be easily implemented. 

The density matrix a (t) contains all the relevant infor- 
mation concerning the response to the probe field to first 
order. The information concerning the optical atomic 
polarization oscillating at the probe frequency (S contri- 
bution) is determined by the sub-matrix (see Eqs. 
28) while FWM contribution depends on cr+ . 

The probe absorption coefficient due to the S contri- 
bution to the atomic optical polarization is given by: 



as cce2 ■ Imag 



Tr 



(31) 



and the absorption dependent on the FWM contribution: 



apwM cc -62 ■ Imag Tr ^cr+ I)ge) 



i2St 



(32) 



FIG. 4. Calculated temporal and spectral dependence of 
the nonlinear probe absorption for a closed Fg = 1 — » Fe = 
transition. The pump and probe polarizations are linear and 
perpendicular, Oi = 0.2 F. Both fields are turned on at 
t = 0. The vertical axis (Arb. units) indicates increasing 
transparency. 

The predictions of the previous model are illustrated 
in Figs. 4 and 5 showing the time dependence of the ab- 
sorption spectra arising from the S contribution for two 
different transitions with B = 0. Only the non- linear 
probe absorption (total absorption minus linear absorp- 
tion) is plotted. The pump and probe fields have linear 
and perpendicular polarizations. The calculations were 
carried in both cases assuming that the atoms are initially 
in the ground state (no coherence and uniform popula- 
tion distribution among Zeeman sublevels) and that the 
pump and the probe fields are simultaneously turned on 
at t = (as suggested by the experiments described be- 
low). Fig. 4 corresponds to an = I ^ Fe = tran- 
sition for which EIT occurs. The vertical axis indicate 
increasing transparency. The constant level at t = cor- 
respond to the linear absorption for unpumped atoms. 
Notice the increase in the average absorption level for 
nonzero 6 corresponding to the ground state alignment 
produced by the pump field. As in the simple models 
previously analyzed, the absorption present coherent os- 
cillations at the Raman detuning 6. At short times, the 
lineshapc is given by a central peak of width inversely 
proportional to t, with oscillating wings. At longer times 
the spectrum approaches a Lorentzian shape with a width 
proportional to the intensity of the pumping field [12]. 
The results presented in Fig. 4 correspond to the same 
atomic system analyzed in [15]. The system is equiva- 
lent to an open A system since the atom can decay from 
the excited state into the nig = ground state Zeeman 
sublevel not coupled by the light. In contrast to what 
occurs in the same system for the Hanle type experi- 
ment, the width of the EIT resonance, approaches a fi- 
nite linewidth at long times determined by the intensity 
of the pump field. Such behavior is common to coher- 
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ence resonances in closed [10] and open [12] A systems 
observed through pump-probe spectroscopy. The fact 
that no quaHtative difference in the time dependence of 
the resonance width is observed between closed and open 
transitions is a consequence of the assumption that the 
probe field is weak and does not modify the Zeeman sub- 
levels populations. Fig. 5 corresponds to the EIA type 
transition Fg = 1 Ff, = 2. The vertical axis indicate 
increasing absorption. The nonlinear probe absorption 
was calculated for the same parameters, aside from the 
choice of the transition, than in Fig. 4. Observe the no- 
ticeable slowing of the EIA evolution in comparison with 
EIT. For the time interval presented in Fig. 5 (see inset) 
the nonlinear absorption spectrum is still far from reach- 
ing the asymptotic Lorentzian shape. This result suggest 
that the EIA slowing (and consequently narrowing) intro- 
duced above via the simple system is a general feature. 
We have checked numerically that the characteristic evo- 
lution time of the EIA resonances is an increasing func- 
tion of the total angular momentum of the atomic levels 
involved. 
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FIG. 5. Calculated temporal and spectral depeni 
the nonlinear probe absorption for a closed Fg = 1 — 
transition. The pump and probe polarizations are lii 
perpendicular, fli = 0.2 F. Both fields are turned on 
The vertical axis (Arb. units) indicates increasing abs 

We have chosen to illustrate the preceding a 
the transitions Fg = 1 



K. = and F„ = 1 



which are the simplest (with integer angular mc 
to present EIT and EIA. We have checked that 
conclusions stand for other choices of the angu 
menta and in particular for the Fg = 2 ^ Fe = 

Fg=3 



Fe ~ 4 transitions occurring in the 



Finally, let us briefly comment on the effe 
nonzero magnetic field. In view of the experimen 
ditions presented below, we focus on moderate n 
fields and restrict the range of variation of 5 in c 
verify \5\ < Qg^isB < F. In consequence, only th( 
ence resonance around 5 = (Am^ = 0) is con 
We have checked that under such assumptions, th^ 
characteristics discussed above for the transient spectral 



behavior of the coherence resonances are generally pre- 
served [26]. However, some differences are observed: An 
additional frequency component of the nonlinear absorp- 
tion oscillating at the Larmor frequency 2ggiJLBB appears 
and there are also quantitative variations on the reso- 
nance peak amplitude and on the average absorption out- 
side the peak. A detailed study of the influence of the 
magnetic field on the coherence resonances dynamics is 
beyond the scope of this paper. 



IV. EXPERIMENT. 

We have studied the transient spectral behavior of co- 
herence resonances arising on the D2 transitions of Kb 
atoms in an atomic beam. The experimental scheme 
is represented in Fig. 6. The atomic beam has a Rb 
reservoir chamber heated to 180°C. The atoms exit the 
heating chamber through a 1 cm diameter, 6 mm long 
cylindrical nozzle formed by an array of parallel tubes of 
0.5 mm internal diameter. The collimation of the atomic 
beam is achieved with a rectangular slit (1 mm x 10 mm) 
situated 25 cm downstream. The estimated atomic flux 
after the collimation slit was 2 x 10^^ atoms /s. 
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FIG. 6. Experimental setup. PBS: polarizing beam split- 
ter. AOM: acousto-optic modulator. PD: photodiode. 

The optical beams are obtained by an injected diode 
laser (~ 1 MHz linewidth). Using two consecutive 
acousto-optic modulators (AOM), one of which is driven 
by a tunable RF source, mutually coherent pump and 
probe beams are obtained [5] with variable frequency off- 
set. The two optical fields have orthogonal linear polar- 
izations. They are combined in a polarizing beam splitter 
and sent though a 50 cm long single-mode fiber (that pre- 
serves polarization) for perfect overlap. After the fiber, 
the beam is expanded with a telescope. Only the cen- 
tral part of the expanded beam where the intensity is 
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approximately constant (less than 10% variation) is used 
to illuminate the atomic sample. 

The atomic beam is intersected at right angle by the 
light beam. The shadow of the rectilinear edge of an 
opaque screen introduces a sudden transition between ob- 
scurity and light for the incoming atoms. Using a mov- 
able slit of width A2: = 0.5 mm wide, the transmitted 
light is collected at different positions after the entrance 
of the atoms in the illuminated region. The probe ab- 
sorption spectra are recorded as a function of the fre- 
quency difference S between the probe and pump fields 
for different values of the slit position z. Each spectrum 
corresponds to atoms having interacted with the light 
during an average interval t = z/v where v is the mean 
velocity in the atomic beam. After the slit, the pump 
field is blocked with a linear polarizer. The transmitted 
probe light is detected with a photodiode. 

A small magnetic field 2 G), oriented in the d: 
tion of the light propagation, was applied to the inte 
tion region to eliminate the broadening of the cohen 
resonances arising from magnetic field inhomogenei 
Due to this field, only Amg = resonances are obse: 
which are insensitive to the magnetic field strength 
The magnetic field introduces a rapid oscillation of 
probe absorption (at the Larmor frequency) with a pe 
of approximately 0.5 iJ.s. Since the temporal resolutic 
the experiment is At ~ Az/v « 1.3 /is such oscillati( 
not observed. 

In order to improve sensitivity and have direct ac 
to the nonlinear absorption, a two- frequencies mod 
tion technique was used. The pump and probe fi 
are mechanically chopped at frequencies /i and 
spectively and the photodiode current is analyzed wi 
lock-in amplifier at the sum frequency /1+/2 (~ 300 1 
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FIG. 7. Experimental nonlinear probe absorption spec- 
tra at different positions of the movable slit for the 
551/2 {F = 2)^ 5P3/2 (F' = 1) transition of ^^Rb. The ver- 
tical axis (Arb. units) indicates decreasing absorption. 

The temporal and spectral evolution of the probe ab- 
sorption for the two closed transitions of the D2 line of 



^^Rb are shown in Figs. 7 and 8 recorded for a pump 
field intensity Ii =0.1 mW/cm"^. Fig. 7 correspond to 
the nonlinear probe absorption on the 5Si/2 (-F = 2) — > 
5P3/2 {F' = 1) transition for which EIT occurs. The ver- 
tical axis is linear and corresponds to increasing trans- 
parency. A noticeable the narrowing of the spectra oc- 
curs for the two initial values of the slit position z and 
no further narrowing of the spectra is observed for larger 
values of z (the lineshapc is approximately Lorcntzian for 
all z's). This fact, together with the rapid increase of the 
peak transparency indicate that the atoms attain their 
steady state after ^ 1 mm flight inside the light beam. 
For longer interaction times the linewidth remains un- 
changed and is determined by the intensity of the pump 
field. 




FIG. 8. Experimental nonlinear probe absorption spec- 
tra at different positions of the movable slit for the 
55i/2 (F = 3) ^ 5P3/2 (F' = 4) transition of ^^Rb. The ver- 
tical axis (Arb. units) indicate increasing absorption. 

Fig. 8 corresponds to the nonlinear probe absorp- 
tion on the 5Si/2 (F = 3) 5P3/2 {F' = 4) transition 
(ElA resonance) recorded for the same pump intensity. 
The vertical axis corresponds to increasing absorption. 
A much slower evolution is observed in comparison with 
the EIT resonance. Notice the continuous narrowing of 
the coherence resonance for increasing values of z over all 
the range shown and the relatively slow increase of the 
absorption peak for 6 = as a function of z. Even for the 
largest z, the lineshape is clearly not Lorentzian. It re- 
sembles the characteristic shape of the function F{x, y, r) 
for T < and is in good correspondence with the cal- 
culated lineshape (see the inset in Fig. 5). The narrow- 
est peak observed for EIA has approximately 20 kHz 
FWHM. Fig. 9 illustrate the oscillatory behavior of the 
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absorption as a function of z for (5/27r = 100 kHz. The 
spatial frequency of a sine wave fitted to the experimen- 
tal data (sohd line in Fig. 9) is consistent with a mean 
atomic velocity v ~ 4.3±0.4 x 10^ m/s in agreement with 
the value estimated from the i?6 reservoir temperature. 
One concludes that in the conditions of Fig. 5, the steady 
state is not reached within the observation range. Con- 
sidering that the line strength of the 5S'i/2 [F = 'i) — > 
5P3/2 [F' — 4) transition is larger by a factor of 3 than 
that of the hS^ji {F = 2) 5P3/2 {F' = 1) transition, 
one has to conclude that the slower EIA evolution (com- 
pared to EIT) is not due to a smaller pump field Rabi 
frequency. Instead the observation suggest that it is due 
to a "narrowing factor" as the one introduced in Eq 14. 



field intensity. Under the same excitation conditions the 
EIA resonances are slower (and conseqiicntly narrower). 
Good qualitative agreement with the predicted transient 
spectral behavior was obtained for the EIT and EIA tran- 
sitions on the D2 line of ^^Rb. 
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FIG. 9. Time dependence of the nonlinear probe absorp- 
tion for the 551/2 {F = 3) — » 5P3/2 {F' = 4) transition of 
^^Rb for <5/27r = 100 kHz. Solid line: sine wave fit. 

V. CONCLUSIONS. 

We have examined the temporal evolution of the spec- 
tral response of degenerate two level system observed us- 
ing pump probe spectroscopy. The main features of the 
transient spectra arise from the consideration of simple 
models appropriate to the study of EIA and EIT. These 
models predict a similar evolution of the transient re- 
sponse in both cases although EIA appear to be consid- 
erably slower due to the narrowing factor identified in 
Eq. 14. A convenient model for the calculation of the 
transient response of DTLS was presented. It allows the 
identification and separation of the synchronous and the 
oscillating FWM contributions to the probe absorption. 
The numerically calculated transient evolutions of the 
EIT and EIA resonances occurring for Fg = 1 ^ Fp = 
and Fg = 1 — *■ = 2 transitions respectively, are in 
good qualitative agreement with the simple models pre- 
viously discussed. In both cases, the resonance width 
decreases as the inverse of the interaction time and ap- 
proaches an asymptotic value determined by the pump 
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